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Do Concentration Cells Store Charge in Water?
Comment on Can Water Store Charge?
In a recent article, Ovchinnikova and Pollack (O&P)1 reported
that the persistent pH gradients (>100 min after electrolysis)
generated upon charging a simple electrolytic cell (Pt electrodes in
dilute aqueous NaCl solutions) imply that “water can store
charge”, in apparent violation of the principle of electroneutrality
in bulk macroscopic fluid phases.
Q: Did O&P violate electroneutrality in macroscopic domains
over extended periods? A: No, because all of O&P’s observations
can be quantitatively accounted for by assuming that, by electro-
lyzing water, they generated a conventional concentration cell.
The key point is, of course, that the charging process generates
concentration rather than charge gradients in the cell. The
faradaic processes that take place on O&P’s Pt electrodes during
the charging stage (under external potentials larger that ΔE =
1.23 V at 25 C)2 inject exactly the same number of oppositely
charged H+ and HO- ions into the solutions surrounding each
electrode:
cathode ðCÞ : 2H2O þ 2e-f2HO- þH2 ð1Þ
anode ðAÞ : H2Of2Hþ þ 1
2
O2 þ 2e- ð2Þ
The net overall charge deposited into the cell is, obviously,
zero because charge merely circulates through the cell. The
local H+ and HO- excesses in each electrode compartment are
instantly and exactly neutralized by migration of the dominant
charge carriers, Na+ and Cl- in this case, under the externally
applied electric field (Figure 1). In other words, the overall
electrochemical process tends to accumulate HCl + O2 near the
anode and NaOH + H2 near the cathode, and is continuously
countered by mass diffusion. Ions remain in solution, but the H2
andO2 product gasesmaybe released to the atmosphere once they
exceed their solubilities in water. Dissolved H2 and O2 may also
diffuse away from the electrodes, but will not normally react with
each other to any significant extent. The evolution of NaOH and
HCl concentration profiles across the cell during electrolysis is
shown in Figure 2. Only the pH around the electrodes is affected
early on, but the acid and basic fronts will gradually extend and
ultimately meet at a plane whose position is determined by the
ratio of Na+and Cl- mobilities.
After electrolysis ceases (i.e., Vext is set back to 0), the system
necessarily relaxes to an equilibrium state in which all gradients
vanish, and pH is homogenized throughout, whether the cell is
short-circuited or not. Different species will relax at different
rates. Mass transport is now controlled by diffusion, which is a
much slower process (∼50μm 3min-1 inwater) than ionmigration
under an imposed electric field. If the cell is short-circuited,
the accompanying faradaic processes could even regenerate
the initial state. Thus, O&P’s cell could revisit its initial state
and turn uniformly green again. This may not be possible if
someof the (H2+
1/2O2) were released to ambient air and become
unavailable for ulterior processing. It should be emphasized
that these phenomena are concomitant but not simultaneous,
because they are driven by different forces. However, thermo-
dynamics dictates that these outcomes are not only possible but
inescapable. The only remaining question is, of course, how long
would they take?
All the above processes can be quantified. The current
that circulates through the electrolytic cell is an increas-
ing function of the externally applied electric potential, limited
by the specific conductivity of the electrolyte (∼1.2 mS 3 cm-1
for 10 mM NaCl),3 that depends on the cell geometry. For the
cell described by O&P, the resistance of the NaCl solution leads
to currents of tens of mA, as found experimentally. The
conductivity should increase because the molar conductivities of
HCl (426.2 S 3 cm
2
3mol
-1) and NaOH (248.7 S 3 cm
2
3mol
-1) are
larger that than that of NaCl (126.4 S 3 cm
2
3mol
-1).5 Faraday’s
law dictates that 5.6  10-6 moles of NaOH and HCl are
produced during O&P’s electrolysis (0.2 mA during 45 min; see
O&P’s Figures 3 and 4). Assuming that both species are homo-
geneously distributed in each half of the cell (2.4 cm3), their
concentrations will reach 2.3 mM, and NaCl concentration will
decrease to 8.96 mM at the end of the process. At the same
time, 2.8  10-6 moles of H2 and 1.4  10-6 moles of O2 will be
generated at the cathode and anode, respectively. BothH2 andO2
exceeded their solubility limits,4 even if the entire volume of the
electrolyte solution (5.4 cm3) were accessible, and could be
permanently lost in an open cell. As mentioned above,
Cl- and Na+ migrate across the electrolyte during electrolysis
to maintain electroneutrality throughout at all times. Since
the transport number of Cl-: t- ∼ 0.61 > 0.5 (t+ = 1 -
t-∼ 0.39), the front of the basic region (from which Cl- departs)
is positioned closer to the anode than to the cathode, as can be
seen in O&P’s Figure 4. Ambient CO2 will continuously dissolve
in, and partially buffer, the basic solution surrounding the
cathode.
Predictably, color homogenization via mass diffusion has
characteristic times of hours, whereas the fast H2 discharge
at Pt electrodes (the limiting faradaic reaction in this system)
is expected to be controlled by H2 diffusion toward the cathode
and follow a t-1/2 law (O&P’s Figure 6). Since the original (inert)
Pt electrodes remain intact during electrolysis, the recovera-
ble charge is actually stored in the high free energy (H2 +
1/2O2) products and will be recovered whether the electrodes
are replaced or not. The electrochemical cell whose discharge
is shown in O&P’s Figure 6 is, in standard electrochemical
notation:
Pt=Hþðaq, c1Þ; H2ðaq, pH2Þ==O2ðaq, pO2Þ; Hþðaq, c2Þ=Pt
ð3Þ
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which is a combination of a H+ concentration cell
Pt=Hþðaq, c1Þ==Hþðaq, c2Þ=Pt ð4Þ
and a conventional fuel cell
Pt=Hþðaq, c1Þ; H2ðaq, pH2Þ==O2ðaq, pO2Þ;
Hþðaq, c2Þ=Pt ð5Þ
The concentration/fuel cell (3) has an equilibrium electrochemical
potential given by5
E ðVÞ ¼ 1:23 þ 0:0296log pH2pO2
1=2c2
2
c12
 !
ð6Þ
E is determined by H+ concentrations and H2/O2 gas pressures
on the electrodes. Note that, even if the (c2/c1)
2 ratio reaches
∼1012 and the product pH2pO21/2 ≈ pH23/2 < 1, as in O&P’s
experiments, the equilibrium E potential (open circuit value) is
over 1V, but it falls below 1Vwhen current circulates between the
electrodes (O&P’s Figures 6-8) due to polarization processes.
Electrolysis, of course, requires larger applied voltages to over-
come kinetic barriers at measurable rates. The concentration/fuel
cell (3) is therefore expected to discharge with decreasing poten-
tials E as a function of time due to H2/O2 consumption, in accord
withO&P’s observations.O&Palso found that discharge voltages
measured from increasingly closer pairs of Pt electrodes placed at
various positions along the cell axis were smaller than those
determined from the electrodes used to electrolyze the solution.
This outcome could have been anticipated from the fact that H2
and O2 partial pressures as well as the c2/c1 ratio are expected to
decrease toward the center of the cell away from their points of
generation.
Mass diffusion can be analyzed by assuming that it takes
place in a 1-D semi-infinite medium, whereby HCl/NaOH con-
centrations, c(r,t), at a distance r from the electrode at time t are
given by 6
cðr, tÞ ¼ q
4πDr
erfc
r
2
ffiffiffiffiffi
Dt
p
 
ð7Þ
where D is the diffusion coefficient and q is the amount of
HCl/NaOH generated in the electrode per second. In O&P’s
experiments, q = 2  10-9 mol 3 s-1 and D(NaOH) = 2.1 
10-5 cm2 3 s
-1, D(HCl) = 3.3  10-5 cm2 3 s-1.7 The calculated
cNaOH(r,t) profiles are shown in Figure 2. HCl profiles are similar
but develop sooner due to its larger diffusion coefficient. It is
apparent that local high NaOH concentrations are created at the
cathode within a few minutes and that pH≈ 10 can be measured
∼1 cm away from it after 1 h.
Electrolysis in “pure” water relies on migration by HCO3
-
(from the dissolution of ambient CO2) and pH indicator ions.
Summing up, all the observations performed by Ovchinnikova
and Pollack1 can be rationalized by a careful consideration of
all transport processes and chemical/electrochemical reactions
taking place in the cell without invoking macroscopic charge
separation.
Charges can be macroscopically separated and held apart over
measurable times, upon freezing aqueous electrolyte solutions.
The differential trapping of anions and cations into the ice phase
during fast freezing generates measurable electric potential
Figure 1. (Top) Scheme of the ion transport in the cell during
the electrolysis (charge phase). (Bottom) Concentration profiles
of HCl (solid lines) and NaOH (dashed lines) at three different
times: short time (blue), intermediate time (green), and long
time (red).
Figure 2. Concentration of NaOH as a function of time at differ-
ent distances from the cathode calculated using eq 1 and the values
of the parameters indicated in the text.
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DOI: 10.1021/la900723t Langmuir 2009, 25(11),6587–65896588
Comment
D
ow
nl
oa
de
d 
by
 C
A
L 
TE
CH
 o
n 
Ju
ne
 2
9,
 2
00
9
Pu
bl
ish
ed
 o
n 
M
ay
 2
6,
 2
00
9 
on
 h
ttp
://
pu
bs
.ac
s.o
rg
 | d
oi:
 10
.10
21/
la9
007
23t
differences between the solid and fluid phases that decay over
minutes.8,9 These “freezing potentials” are essentially capacitive,
and their decay is controlled by the relatively slow diffusion of
protons in ice. The preferential partitioning/trapping of cations
(anions) in ice is eventually relieved by proton diffusion into the
unfrozen solution (ice), which thereby becomes acidic (basic).
Thus, net macroscopic departures (as opposed to statistical
fluctuations) from electroneutrality can only be achieved over
time intervals determined by the kinetics of charge recombination
in the media involved. Charge recombination is so fast in fluid
media, like the electrolyte in O&P’s cell, that macroscopic charge
separation cannot be accomplished by electrolysis at accessible
current densities.
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